Introduction
Acoustic measures of voice, including perturbation and nonlinear dynamic analyses, are usually calculated from sustained vowel recordings to avoid the effects of speech intonation and interactions between the larynx and vocal tract on signal assessment. These measures are usually applied to /a/, /i/, and /u/ sustained vowels, which are referred to as the corner or point vowels in phonetics literature and are nearly ubiquitous throughout world languages. These monikers reflect the articulatory definitions of the vowels, which form a triangle in two-dimensional space. /i/ is produced with the tongue positioned forward and high in the mouth, while /u/ is produced with the tongue back and high in the mouth and /a/ is produced with the tongue back and low in the mouth. All other vowel sounds are produced within the extreme articulatory dimensions of the corner vowels.
Tongue height and other articulatory adjustments made for different sustained vowels may alter laryngeal cartilage position, glottal area, and vocal tract and vocal fold tension [1, 2] .
Fant's [3] source-filter theory describes the mechanism of speech production. The source in this model is the glottal airflow as modified by the vibrating vocal folds during voiced sound production. Vocal fold movement produces a complex harmonic signal, basic properties of which are periodicity, expressed by fundamental frequency (F 0 ), and signal-to-noise ratio (SNR). In the human voice, nonlinear qualities are produced by air pressure and flow in the glottis, stress-strain curves of vocal fold tissue, and forces of vocal fold collision [4] ; these nonlinear properties are introduced at the level of the source and are quantifiable using nonlinear dynamic analysis techniques. The filter is the vocal tract, which linearly alters the source wave during its transmission to the environment. During production of different vowel sounds, the configuration of the filter varies, and it has been determined that size and location of vocal tract constriction affect qualities of signal frequency and stability, as measured by perturbation analysis [5, 6] .
The effects of vowel selection on F 0 have been established. The tongue, hyoid bone, and larynx are connected by muscles and ligaments; when the tongue is raised by genioglossus muscle contraction, the hyoid bone moves anteriorly and tension on the larynx and vocal folds increases, increasing F 0 , and vice versa [2] . Therefore, a high tongue position, such as that for /i/ or /u/, results in a higher F 0 , while a low tongue position, such as that for /a/, lowers F 0 [2] . Though it is difficult to differentiate the F 0 of /i/ from /u/, the F 0 values of these high vowels have consistently been found to be significantly higher than that of the low vowel /a/ [1, 7, 8] .
The effects of vowels on jitter and shimmer measures are less clear. Orlikoff [9] found that most acoustic studies applying multiple vowels in analysis reported lower perturbation for high vowels and higher perturbation for low vowels, with many conflicting results. While a few studies have found shimmer values to be lowest for /u/, intermediate for /i/, and highest for /a/ [7, 10, 11] , a recent study found shimmer to be lowest for /i/, intermediate for /a/, and highest for /u/ [12] . Jitter results are more difficult to interpret. Some researchers have found jitter to be the lowest for /a/, intermediate for /u/, and highest for /i/ [7, 10, 11] , but other studies have found conflicting results [12] [13] [14] , including the opposite finding of highest jitter for /a/ and lowest jitter for /i/ [8] . From these ambiguous results, it is evident that vowel effects on perturbation analysis are inconclusive, especially for jitter.
Chaos is the pseudorandom behavior exhibited by a nonlinear deterministic system. Because no human voice demonstrates perfect periodicity, human vocal folds may exhibit some inherent chaotic properties. Giovanni et al. [15] applied Lyapunov exponents to normal and pathological voices and found that the nonlinear dynamic parameter provided nonredundant information complementary to other acoustic analyses. Therefore, nonlinear dynamics is a useful method of measuring vocal aperiodicity. Some previous analysis of vowel effects on nonlinear dynamic parameters has been conducted. Tokuda et al. [16] found through surrogate data analysis that a nonlinear dynamic correlation may exist between waveformpitch patterns of Japanese vowels. Koga and Nakagawa [17] analyzed vowels through calculation of the largest Lyapunov exponents from a time series and the surrogation method, finding that the largest Lyapunov exponent was highest for /a/, intermediate for /i/, and lowest for /u/ [17] . A study of the four Chinese tones applied the correlation dimension to investigate differences between tones in vowels [18] . However, the effects of vowel selection on nonlinear dynamics measures for clinical voice data have not been fully addressed in the literature.
The purpose of this study was to examine the effects of the vowels /a/, /i/, and /u/ on acoustic analysis measures. Sustained vowels as spoken by normal subjects were analyzed via perturbation and nonlinear dynamic measures. SNR and F 0 were applied to quantify basic acoustic properties of the vowel sources. Perturbation measures of percent jitter and percent shimmer were also applied to characterize the filtered vowel signals. Nonlinear dynamic measures of correlation dimension and second-order entropy were used to quantify the nonlinear properties of the vowel signal sources. This study examined the changes in acoustic analysis measures resultant to vowel selection, especially for nonlinear dynamic analysis and SNR, acoustic measures not previously applied for acoustic vowel discrimination.
Methods

Subjects
The Institutional Review Board at the University of Wisconsin School of Medicine and Public Health approved the protocol and consent procedure used in this study. Forty native English speakers (20 men and 20 women) participated in recording. All subjects were in good health at the time of recording and declared no history of vocal fold pathologies or voice problems.
Recording Procedure
Sustained vowel audio recordings were made at a sampling rate of 44.1 kHz in a sound-attenuated room with the recording microphone (AKG Acoustics, Vienna, Austria) positioned 10 cm from the mouth. During the recording session, subjects were instructed to sustain phonations of /a/ (as in the word 'bother'), /i/ (as in the word 'beet'), and /u/ (as in the word 'boot') vowel sounds at a comfortable pitch and volume for at least 5 s. Two trials of /a/, /i/, and /u/ phonation were recorded for each subject. A middle stationary segment, x ( t i ), t i = i ⌬ t , ⌬ t = 1/ f s , i = 1, 2, …, with a length of 1 s was selected for analysis from each sustained vowel. The 1-second segments excluded voice onset and offset to avoid effects of speech intonation and interactions of the larynx and vocal tract on analysis.
Perturbation Analysis
Perturbation, the cycle-to-cycle variation present in a waveform, is commonly analyzed for an acoustic signal using the parameters of jitter and shimmer. Jitter measures the cycle-to-cycle frequency variation of a signal, while shimmer measures the cycle-to-cycle amplitude variation [19] . Perturbation parameters of percent jitter and percent shimmer were calculated for the segments with CSpeech software, version 4.0 (Madison, Wisc., USA) [20, 21] . F 0 , which quantifies vocal fold vibratory frequency, and SNR, which is measured in decibels and reflects the dominance of the harmonic signal over noise, were also calculated with CSpeech.
Nonlinear Dynamic Analysis
Phonation is a nonlinear process involving biomechanical and aerodynamic factors. Nonlinear dynamics measures, such as correlation dimension ( D 2 ) and second-order entropy ( K 2 ), have complemented perturbation measurement due to an ability to accurately describe both periodic and aperiodic signals [22] . Correlation dimension is a geometric measure describing the strength of correlation between two points in phase space. D 2 quantifies the number of degrees of freedom that may be necessary to describe a dynamic system; a complex system has a high dimension and may require greater degrees of freedom to describe its state [23] . Second-order entropy is the lower bound of the Kolmogorov entropy, which quantifies the rate of information loss for a dynamic system over time. A perfectly periodic system has a Kolmogorov entropy of zero, while a complex system with finite degrees of freedom has a finite and positive Kolmogorov entropy value [24] .
Correlation dimension and second-order entropy values of selected segments were calculated based on our numerical algorithms that were applied previously to analyze excised larynx phonations [25] and pathological human voices [26] [27] [28] . In brief, the time delay technique was used to reconstruct an m -dimensional delay-coordinate phase space [29] , where m is the embedding dimension and is the time delay. m was determined according to the embedding theorem [30] . When m 1 2 D + 1, where D is the Hausdorff dimension, the reconstructed phase space is topologically equivalent to the original phase space. The mutual information procedure proposed by Fraser and Swinney [31] was used to estimate the proper time delay . The correlation integral C ( r ) was calculated using the improved algorithm proposed by Theiler [32] , where r is the radius around X i . C ( r ) measures the number of distances between points in the reconstructed phase space that are smaller than the radius r . C ( r ) has a power law behavior C ( r ) ϰ r D 2 e -m K 2 , which reveals the geometrical scaling property of the attractor [24] . For sufficiently large m , D 2 and K 2 were derived in the scaling region [23] . In order to ensure the reliable calculation of D 2 and K 2 , the standard deviation of the estimated values should be less than 5%.
Statistical Analysis
Given the previously established sexual dichotomy in morphological, physiological, and acoustic measures of voice [33] , data were analyzed separately by sex. Significance was set at the p = 0.05 confidence level for all tests. Because it could not be predefined whether the groups were from normally distributed populations, we applied the Friedman repeated measures one-way analysis of variance (ANOVA) on ranks. The statistical significance level was set at p = 0.05. In order to determine how any two groups were statistically different, a post hoc Tukey test, used for multiple pairwise comparisons of groups with equal sample size, was performed. SigmaStat 3.0 and SigmaPlot 8.0 software (SPSS Inc., Chicago, Ill., USA) were used to statistically analyze and graph data.
Results
Typical waveforms of /a/, /i/, and /u/ vowels from a male subject are given in figure 1 . To confirm these findings, comparisons among all acoustic analysis results for /a/, /i/, and /u/ from males and females were made. Table 1 summarizes the results of acoustic analysis for males and females. The Friedman ANOVA on ranks indicated that significant differences between the vowel cohorts were evident for most measured perturbation and nonlinear dynamic parameters. Therefore, the Tukey test was applied to determine pairwise statistical differences. Statistical analysis results are given in table 2 .
Male Subjects
In male subjects, vowel effects produced different results for perturbation measures of percent jitter and percent shimmer. Percent jitter values were highest for /a/, intermediate for /u/, and lowest for /i/, as shown in figure 4 a, and the /a/ cohort's percent jitter was significantly higher than that of the /i/ cohort (p ! 0.05). Percent shimmer values were highest for /u/, intermediate for /a/, and lowest for /i/, as shown in figure 4 b. The /u/ and /a/ cohorts had significantly larger percent shimmer than the /i/ cohort (p ! 0.05). Traditional parameters of F 0 and SNR showed similar vowel effects in females. SNR was highest for /i/, intermediate for /u/, and lowest for /a/, as shown in figure 5 a, and SNR of the /i/ cohort was significantly higher than SNR Differing from nonlinear dynamic analysis results from male subjects, the Friedman test found no significant difference between vowel cohorts for D 2 from females. However, D 2 values were highest for /i/, intermediate for /a/, and lowest for /u/, as shown in figure 6 a. Vow- bone and forward tilting of the thyroid cartilage, creating an anterior pull on the vocal folds and increasing fold tension for high vowels such as /i/ and /u/ [1, 2, 33] . In this study, perturbation parameters proved unpredictable resultant to vowel effects. Male percent jitter results, which indicate that the low vowel /a/ had greater frequency perturbation than /u/ and /i/, echoed the results of previous work ( fig. 4 a) [8, 13] . Conversely, female percent jitter results showed /a/ to have lower levels of frequency perturbation than the high vowels; this, too, corroborated a previous finding ( fig. 4 a) [11] . Male and female percent shimmer results of this study were the same and corroborated the work of Kiliç et al. [12] ( fig. 4 b) . Percent shimmer calculation indicated that the low vowel /a/ had intermediate values; this result did not distinguish high from low vowels, as was the case with other measured acoustic parameters. On the whole, the results of this study and previous work they corroborate stand against a variety of results for perturbation analysis of vowels. In recent years, it has been suggested that the algorithms employed to calculate perturbation parameters may only be useful for nearly periodic voice signals and may not reliably analyze strongly aperiodic signals [34, 35] . Further, jitter and shimmer have been found to be affected by a number of recording and analysis conditions, including microphone type and placement [36] , analysis systems [37, 38] , and environmental noise [39, el selection in female voice had a significant effect on K 2 values. K 2 values were highest for /a/, intermediate for /i/, and lowest for /u/, as shown in figure 6 b, and the /a/ cohort values were significantly higher than those of the high vowels (p ! 0.05).
Discussion
Previously established effects of vowel selection on F 0 [1, 2, 7, 8] were supported by the results of this study. For both males and females, F 0 measures of the high vowels /u/ and /i/ were found to be significantly higher than F 0 of the low vowel /a/ ( fig. 5 b) . /u/ F 0 was significantly larger than /i/ F 0 for males, but for females, F 0 measures of the low vowels were not significantly differentiable. This inability to statistically distinguish F 0 values of /i/ and /u/ had been noted in previous studies [1, 7, 8] . Vowel selection effects on SNR values were comparable to those on F 0 measurement. Again, /a/ produced lower values than the high vowels /i/ and /u/ ( fig. 5 a) . Together, results of F 0 and SNR analysis indicate that production of low vowels, such as /a/, may be performed at a lower vocal fold vibratory rate, introducing greater noise levels to the signal than high vowel production. This is known as the intrinsic pitch of vowels and is often attributed to mechanical coupling resulting in anterior positioning of the hyoid 40] . Given variable past performance in the literature and sensitivity to signal, recording, and analysis system types, it seems that percent jitter and percent shimmer may not be capable of acoustic discrimination of vowels. Several studies have investigated the effects of filter configuration and properties on perturbation measures. Horii [41] used a contact microphone to eliminate acoustic effects of the vocal tract and found no significant differences in jitter or shimmer among eight vowels. Orlikoff [9] held F 0 and sound pressure level at a constant level during vowel production and found that jitter and shimmer did not vary significantly among vowels in electroglottographic recordings. Lin et al. [6] investigated effects of head and tongue position on F 0 and perturbation analysis. Head extension, thought to cause hyoid-larynx complex changes analogous to the vocal fold tension present in high vowels, resulted in increased F 0 and decreased perturbation measures. Tongue protrusion, analogous to the tongue position in low vowels, resulted in decreased F 0 and increased perturbation measures [6] . Therefore, it appears that F 0 variation, sound pressure level variation, and acoustic filtering of the vocal tract are necessary to generate significant vowel effects on measures of perturbation. This study was in agreement with previous studies regarding effects of vowel on F 0 ; however, vowel effects on perturbation results remain inconclusive.
Nonlinear dynamic analysis of the /a/, /i/, and /u/ vowels produced results in agreement with previous work, which found nonlinear parameters to be highest for /a/, intermediate for /i/, and lowest for /u/ [17, 18] . Here, the parameters D 2 and K 2 were applied for nonlinear analysis. The /a/ vowel produced significantly greater K 2 in males and females, as well as D 2 in males, than the high vowels /i/ and /u/ ( fig. 6 ). This indicates that low vowels, such as /a/, may possess greater complexity than high vowels, such as /i/ and /u/. It appears that nonlinear dynamic findings are relatively consistent with the results of traditional F 0 and SNR analysis, which also measure properties of the voice source, in that all four parameters tend to distinguish low from high vowels for both males and females. The low vowel /a/ had lesser harmonic activity in its signals, as indicated by its lowest SNR values, and the slowest vibratory frequencies, as indicated by F 0 values. Generally, this vowel also exhibited more complex behaviors, as indicated by its highest D 2 and K 2 values. Conversely, the high vowels /i/ and /u/ had greater harmonic activity and higher vocal fold vibratory frequencies, and demonstrated less complexity.
Conclusion
This study applied perturbation and nonlinear dynamic analyses to normal vowels in order to determine vowel selection effects on acoustic analysis. Results indicated that vowel effects on perturbation analysis are inconsistent among this and previous studies; this suggests that percent jitter and percent shimmer are not useful parameters in reliably describing acoustic differences between vowels. Results for F 0 corroborated previous work, indicating highest F 0 for /i/ and /u/ and lowest F 0 for /a/. SNR results showed that /i/ and /u/ demonstrated greater noise than /a/. Results of nonlinear dynamic analysis suggested that more complex activity is evident in /a/ than in /i/ and /u/, as signified by higher D 2 and K 2 values for /a/. To confirm the acoustic effects of vowel selection as found in this study, vowel effects on acoustic perturbation and nonlinear dynamic analyses should be studied in other voice types, such as dysphonic voices. Future studies could also investigate the effects of vowels on nonlinear dynamic analysis when variables such as filter effects, F 0 , and sound pressure level are eliminated through electroglottographic measurement and other controls.
